Introduction
Over the past century, the prevalence of immune-mediated chronic diseases has increased worldwide [1] . Many of these disorders are of higher prevalence in Westernized nations, with low prevalence noted in people living in South Asia [2] [3] [4] . Migrant studies have been used to disentangle the role of environmental exposures from genetic risk. Higher rates of immune disorders in migrants from South Asia to the West have suggested that environmental exposures are partially related to high prevalence observed in Westernized nations [5] [6] [7] . There is a paucity of information related to the risk of immune diseases in the children of South Asian immigrants born in Western nations.
This study was conducted in Ontario, Canada's most populous province, which has a large foreign-born population with over one quarter of immigrants arriving from South Asia [8]. We described the incidence and prevalence of immune-mediated diseases including asthma, Type 1 (T1DM) and Type 2 diabetes mellitus (T2DM), and inflammatory bowel disease (IBD) amongst South Asian immigrants to Ontario. We also determined the incidence of these immune-mediated disorders in the Ontario-born children of immigrants from South Asia and other regions, compared to children of non-immigrants. In so doing, we aimed to determine the risk contributed by early life exposure to the Canadian environment in the development of these immune-mediated chronic diseases.
Materials and Methods

Study Design
We conducted a population-based, retrospective cohort study of all residents of Ontario diagnosed with asthma, T1DM, T2DM, and IBD. We compared the incidence and prevalence of these chronic diseases in immigrants from South Asia, immigrants from other regions, and non-immigrants. We also compared incidence in the children of immigrant and non-immigrant mothers. We calculated annual age-and sex-standardized incidence and prevalence and incidence per person-years of follow-up for the full period. This study was approved by the Research Ethics Board of the Children's Hospital of Eastern Ontario, and The Ottawa Hospital. Ontario's administrative databases are maintained by Institute for Clinical Evaluative Sciences (ICES) through a data sharing agreement with the Ontario Ministry of Health and Long Term Care. The datasets used in this study were linked using unique, encoded identifiers and analyzed at ICES, a prescribed entity under Ontario's Personal Health Information Protection Act. This designation allows for research using encrypted identifiers without obtaining informed consent.
Data sources
This study drew from the health administrative data of all residents of Ontario, Canada who were <65 years during the study period of fiscal years (FY-April 1 to March 31) 1994-2008 who qualified for universal government health care insurance (>99% of the population). The Ontario Asthma Surveillance Information System (OASIS) [9] [10] , the Ontario Diabetes Database (ODD) [11] [12] , and the Ontario Crohn's and Colitis Cohort (OCCC) [13] [14] are patientderived cohorts created using validated algorithms of health care contacts to classify patients as having or not having asthma, diabetes, and/or IBD respectively. For each of the disease cohorts, validated look-back periods were used to distinguish incident from prevalent cases [9] [10] [11] [12] [13] [14] . These cohorts use physician billing data (from the Ontario Health Insurance Plan database), hospitalization records (from the Canadian Institute for Health Information Discharge Abstract Database), and population data (from the Registered Persons Database (RPDB) and Canadian census information) to derive patient groups and standardized populations. Mothers and their babies are linked using a unique maternal-newborn matching number. From 2002 and earlier, the unique matching was not available, instead probabilistically linked hospital care and demographic information, yielding a linkage rate of 98.4% of all births (sensitivity 96.1%, specificity 99.2%). Immigration and visa status, age and date of arrival to Canada, country of birth, and pre-migration education level were derived from national immigration data provided by Citizenship and Immigration Canada (overall successful match rate 86.1%; of which 66.9% were matched deterministically, and 19.1% were matched probabilistically).
Setting and participants
Patients with asthma, T1DM, T2DM, and inflammatory bowel disease were identified from health administrative data using validated classification algorithms. Full health administrative data was available in Ontario from April 1, 1991. The look-back period for asthma was five years, so incident cases could be distinguished from prevalent cases from 1996. For both diabetes and pediatric IBD, a 3 year look-back period was validated, so incident cases were available from 1994. For adult-onset IBD, an eight year look-back period was necessary, so incident cases were available from 1999. For residents born after April 1, 1991, administrative data was available for their full lifespan and therefore a look-back period was not required to distinguish incident from prevalent cases. Without sufficient data available for the look-back period, cases were considered prevalent but not incident.
We classified all residents under 65 years of age as being immigrants (those who legally immigrated to Canada after 1985) or non-immigrants (those born in Canada, or who may have immigrated before 1985 in whom immigration records were unavailable). Immigrants were defined as people who arrived to Canada with any legal status. Since the purpose of this study was to determine differences in incidence and prevalence in immigrants and their children, immigrants who arrived to Canada or were diagnosed with these disorders after their 65 th birthday
were excluded, as they were unlikely to reproduce. We categorized the country of birth of immigrants using the World Bank classification of world regions [15] . 
Statistical Analysis
Incidence and prevalence were calculated in three year blocks for T1DM, T2DM, and pediatric IBD from 1994-2008, for asthma from 1996-2008, and for adult-onset IBD from 1999-2008. Point-prevalence was calculated on July 1 st in the middle year of the three year block. Standardized incidence and prevalence were calculated per 100,000 population, with corresponding 95% confidence intervals (CI) based on gamma distribution. We used the Canadian censuses from 1996, 2001 and 2006 to determine annual intercensal population estimates [16] . Standardized rates were calculated using age-appropriate standard populations. We also calculated overall incidence per person-years of follow-up, with 95% CI for the full periods of data availability.
To compare incidence in South Asian immigrants, other immigrants, and non-immigrants, we calculated incidence rate ratio (IRR) with 95% CI, adjusted for age and sex. We determined significant difference in standardized incidence between immigrant status groups using Poisson regression analysis. The same analyses were used for calculation of incidence and prevalence in the Ontario-born children of immigrants and non-immigrants. Overdispersion was assessed by calculating the deviance divided by the numbers of degrees of freedom. In the case of adult IBD analyses, where this value was much greater than 1, we used the negative binomial model for Poisson regression with scaled deviance. Table 1 . Immigrants originated predominantly from East-Asia and Pacific (25.7% of the overall immigrant cohort), South Asia (23.4%), and Latin America and the Caribbean (13.0%).
Results
Characteristics of the study population
Asthma
Asthma incidence decreased in South Asian immigrants between 1996 to 2008, from 120.8 to 63.2 per 10,000 at-risk individuals, compared to the non-immigrant decrease from 83.0 to 51.2 per 10,000 (Fig 1) . Children from South Asia had lower incidence of asthma compared to nonimmigrant children (IRR 0.66, 95% CI 0.62 to 0.71) ( Table 2 ). However, the children of women from South Asia had significantly higher incidence than the children of non-immigrants (IRR 1.75, 95% CI 1.69 to 1.81). Adults from South Asia also had higher incidence of asthma than non-immigrants (IRR 1.56, 95% CI 1.51 to 1.61).
Standardized prevalence of asthma per 10,000 population increased in South Asian immigrants from 606. 
Diabetes Mellitus
The standardized incidence of T1DM per 10,000 South Asian immigrant children <18 increased from 0. (Table 3 ). The Ontario-born children of both South Asian immigrants (IRR 0.68, 95% CI 0.46 to 0.998) and immigrants from other regions (IRR 0.68, 95% CI 0.54 to 0.85) had lower incidence of T1DM than the children of non-immigrants. The incidence of T2DM in patients diagnosed aged 18-64 years was higher in South Asian immigrants than in non-immigrants (Fig 2) . (Table 3) .
Inflammatory Bowel Disease
In South Asian immigrants, standardized incidence of IBD per 100,000 at-risk individuals aged 6 months to 65 years old was 9.1 in 1999, 8.5 in 2004, and 10.4 in 2008 (Fig 3) . Incidence of Of the main IBD sub-types, South Asian immigrants had higher incidence of ulcerative colitis (range 4.9-8.0 per 100,000) than Crohn's disease (range 0.7-3.9 per 100,000). By contrast in non-immigrants, the incidence of ulcerative colitis (range 10.9-12.7 per 100,000) was similar to that of Crohn's (range 11.6-12.5 per 100,000). (Table 4) . Compared to the children of non-immigrants, the incidence remained lower in the children of immigrants from other 
The incidence of pediatric-onset (1994-2008) and adult-onset (1999-2008) IBD was lower in South Asian immigrants compared to non-immigrants
Discussion
In this study, we have reported population-based estimates of incidence and prevalence of multiple immune-mediated chronic diseases in immigrants to Canada from South Asia, as well as their Canadian-born children. In so doing, we have assessed the interaction between early-life exposure to the Canadian environment and the South Asian genetic background on the risk of these disorders. Adults from South Asia had higher risk of asthma and T2DM, compared to either non-immigrants or immigrants from other regions. Adults from South Asia had lower incidence of IBD than non-immigrants, but similar rates to immigrants from other regions. Although the incidence of asthma and IBD was low amongst immigrant children from South Asia relative to non-immigrant children, rates of asthma were higher in their Ontario-born children, and the risk of IBD in Ontario-born children of South Asian immigrants was similar to the children of non-immigrants. This did not occur in the children of immigrants from other regions, who were predominantly from East Asia or the Caribbean. These findings imply a significant effect of early-life exposure to the Canadian environment on the risk of asthma and IBD, but not of T1DM for Canadian-born South-Asians.
There was a low incidence of asthma in immigrant children from South Asia, but higher rates in adult immigrants, and the children of South Asian immigrants. The higher risk of asthma in adults may be secondary to environmental or occupational exposures in South Asia, not a contributing factor in children who arrive to Canada. We have demonstrated that the incidence of asthma in the children of South Asian mothers, and those of other immigrant mothers, was significantly higher that the incidence in children of non-immigrant mothers. Early life or in utero exposures to environmental factors specific to the Canadian context may be implicated. For example, Cesarean section rates, antibiotic usage, low maternal vitamin D levels, and a hygienic environment have all been suggested to be involved [17] . All of these are more prevalent in Canada compared to South Asian and other developing nations.
Incidence of T1DM in South Asian immigrants was similar to that of non-immigrant children. Similarly, the Ontario-born children of South Asian immigrant women had similar incidence of T1DM to the children of non-immigrant women. These findings are consistent with the findings from Leicestershire, UK, which assessed incidence in British children of South Asian ethnicity, compared to Caucasians [18] . The higher incidence and prevalence of T2DM in South Asian immigrants was previously demonstrated in Ontario [19] , the UK [20] , Sweden [21] , and other Nordic countries [22] . Genetic predisposition in the context of a Westernized diet, increased obesity, and decreased physical activity are thought to be contributory factors.
We demonstrated low risk of IBD in both children and adults from South Asia. Rates were similar in South Asian immigrants and immigrants from other regions. However, the Ontarioborn children of immigrants from South Asia had similar incidence of IBD as non-immigrants. The children of immigrants from other regions retained the lower risk of IBD compared to non-immigrants. This suggests that early-life exposure to the Canadian environment results in a risk of IBD equivalent in Ontario-born South Asian and Caucasian children. This result contrasts somewhat to a study from Vancouver, Canada, which reported much higher risk of IBD in children of South Asian ethnicity [23] , potentially due to ethnicity differences in the two populations. British Columbia receives a higher proportion of South Asian immigrants of Sikh origin than Ontario. Nevertheless, both studies convey the increased risk attributed to early life in Canada with the development of IBD in children. Increased rates of ulcerative colitis have also been reported in studies of adults from South Asia who emigrate to the UK [24] [25] and Vancouver [26] . To our knowledge, this is the first population-based study to demonstrate low rates of IBD in South Asian immigrants to Canada, but less attenuated in their Ontario-born children, who had similar incidence as the children of non-immigrants.
Asthma, T1DM and IBD have all been associated with both the hygiene hypothesis and alterations in the gut microbiome [27] [28] [29] although there is no known common alteration in the microbiome to explain these different immune-related diseases. Considering these disorders are associated with hundreds of genetic risk alleles, the gene-environment interaction is likely complex, and may involve unknown epigenetic or triggering factors. There may be specific genetic risk modifiers for asthma and IBD which are only activated in the Canadian milieu, which may not be present for T1DM. Alternatively, the Canadian environment may play a stronger role in determining risk of asthma and IBD compared to T1DM.
The lower risk of these chronic diseases in immigrants may have been related to the healthy immigrant effect. This concept refers to the relative good health in immigrants compared to the native populations of their home countries [30] . This may be due to self-selection or external selection of relatively healthy and productive migrants by immigration authorities. However, by assessing only the risk of incidence through validated look-back periods to exclude prevalent cases, the risk of bias should have been minimized. Nevertheless, the healthy immigrant effect suggests that people who developed these diseases in their home countries could be less likely to immigrate to Canada, resulting in a low-risk population of immigrants.
The use of administrative data presents some limitations. Firstly, grouping of patients based on the World Bank economic classification resulted in regional groups with ethnically and genetically diverse populations. However, the definitions allow for adequate power to estimate risk of these rare chronic diseases in children and adults. Despite the use of identification algorithms validated in Ontario patients of appropriate age, the risk of misclassification bias is always possible when determining the epidemiology of disease using health administrative data. The accuracy of these algorithms to identify disease in immigrant and ethnic groups has not been determined, and differential accuracy may have resulted in error of relative proportions. For example, if immigrants are less likely to access health care and therefore be identified by providers as having the chronic disease in question, they may not be identified by the algorithms. This could have resulted in lower incidence of these diseases in immigrants. Finally, the diabetes billing codes do not distinguish between T1DM and T2DM, and the algorithms used an arbitrary cut-off age of 19 years to distinguish the two. However, a national surveillance study estimated that fewer than 50 cases of T2DM exist amongst Ontario children [31] .
Another limitation is the availability of longitudinal data. Immigration data was only available from 1985 forward. Therefore, immigrants who arrived to Ontario before 1985 would be considered non-immigrants. Since complete health administrative data was only available after 1 April 1991, we could only include the children of immigrant women born after that date, thus limiting our analyses to a relatively young Ontario-born population. If the gene-environment interaction was strongest in adult-onset disease, we may have underestimated the role of earlylife exposure on risk. Ontario health administrative data does not link records of fathers to their children, and therefore were uncertain of the fathers' immigration status. However, the overall rate of intermarriage amongst South Asian Canadians is only 6.8%, therefore Ontario-born children of South Asian immigrant mothers likely had two South Asian parents [32] .
Conclusions
In the largest study of South Asian migrants to date, we have demonstrated a high incidence of asthma and IBD in the Ontario-born children of South Asian immigrants relative to their immigrant parents. In addition, South Asian immigrants themselves have high rates of T2DM and asthma relative to non-immigrants. While numerous environmental risk factors have been implicated in the development of these disorders, we anticipate that this study will spur the search for gene-environment interactions. Focusing our efforts on the early-life exposures of the children of South Asian immigrants may aid in the search for specific environmental risk factors for immune-mediated disorders.
